INTRODUCTION
Leukocyte recruitment to sites of infection is a critical mechanism of host defense. It involves leukocyte tethering, rolling, and adhesion on the vascular wall and transmigration into extravascular comAbbreviations: B16-OVA, murine melanoma expressing ovalbumin; B6.SJL, B6.SJL-Ptprc a Pep3 b /BoyJ mouse; BHI, Bacto TM brain-heart infusion media; BM, bone marrow; CFU-G, granulocyte colony-forming unit; CFU-GM, granulocyte-macrophage colony-forming unit; CFU-M, macrophage colony-forming unit; CLP, common lymphoid progenitor; CMP, common myeloid progenitor; DC, dendritic cell; FtDKO, Fucosyltransferase-IV and -VII double knockout; FucT-IV, Fucosyltransferase-IV; FucT-VII, Fucosyltransferase-VII; LM, Listeria monocytogenes 10403s; LM-OVA, Listeria monocytogenes expressing ovalbumin; LN, lymph node; PSGL-1, P-selectin glycoprotein ligand-1; ST, Salmonella enterica serovar Typhimurium SL1344; WT, C57BL/6J wild-type mouse partments due to highly coordinated interactions between adhesion molecules expressed on both leukocytes and endothelium. The initial leukocyte tethering and rolling steps occur in part due to interactions between selectins and selectin ligands. Selectins expressed on leukocytes, endothelium, and platelets transiently interact with their ligand counterreceptors through recognition of the carbohydrate antigen Sialyl Lewis X . 1 Functional selectin ligand synthesis occurs through several glycosylation reactions, including the terminal fucosylation step mediated by 1, 3 fucosyltransferase-IV and -VII (FucT-IV and -VII). 2 impaired leukocyte tethering, rolling, and transmigration into extravascular components, increased leukocyte levels in circulation, reduced lymph node (LN) cellularity, and absence of contact hypersensitivity. 2, 3 Listeria monocytogenes (LM) is a facultative, intracellular bacterium that poses a high risk of infection in immune-compromised hosts. 4 Infection occurs through ingestion of contaminated food, which can lead to systemic infection upon bacterial penetration of the intestinal epithelial barrier. 5 Macrophages and dendritic cells (DCs) provide early control of infection through phagocytosis of bacteria in the bloodstream, spleen, and liver. 6 Neutrophils also mediate nonphagocytic bacterial killing through reactive oxygen species production. 7 Inflammatory monocytes recruited to infection sites give rise to TNFand inducible nitric oxide synthase-producing DCs, contributing to innate antimicrobial defense. 8 IFN-produced by NK cells and T cells also induces activation of macrophages, further augmenting innate immune responses. 9 However, secondary bacterial clearance and longterm protection are primarily mediated by antigen-specific CD8 + T cells, with the support of CD4 + T cells. 5, 10 Thus, efficient host protection from LM infection requires highly coordinated interactions between innate and adaptive immune mechanisms.
We previously showed that lack of functional selectin-ligand interactions compromises long-term protection against murine melanoma solid tumors. 11 Vaccination with LM expressing ovalbumin (LM-OVA) induced a robust OVA-specific CD8 + T cell response in both wildtype (WT) and FtDKO mice. However, subsequent protection against murine melanoma expressing ovalbumin (B16-OVA) tumor challenge was significantly compromised in FtDKO mice. This correlated to reduced inherent ability of FtDKO CD8 + T cells to infiltrate tumors and draining LNs even when transferred to WT mice. FucT-IV and/or -VII expression has also been linked to enhanced metastases in lung, colorectal, and prostate cancer models. [12] [13] [14] Thus, regulation of lymphocyte and tumor cell trafficking by functional selectin-ligand interactions modulates cancer progression.
The consequences of the lack of functional selectin-ligand interactions on the innate immune response to intracellular infection are not well understood. Early studies demonstrated extreme leukocytosis characterized by increased neutrophil production and intravascular half-life in FtDKO mice. 2 In this study, we show that FtDKO mice are able to more efficiently control LM infection than WT mice due to increased innate immune cells in infected organs. Furthermore, this effect could be adoptively transferred to WT mice through FtDKO bone marrow (BM) transplant. Overall, our study demonstrates an enhanced modulation of innate immunity in the absence of alpha-1,3-fucosylation events of leukocytes.
MATERIALS AND METHODS

Mice
C57BL/6J WT and B6.SJL-Ptprc a Pep3 b /BoyJ (B6.SJL) mice were purchased from Jackson Laboratories (Bar Harbor, ME, USA). FtDKO mice bred on a C57BL/6J background were originally generated by Dr. John Lowe and obtained from the Consortium for Functional Glycomics. 2 FtDKO mice were bred in-house at the National Research Council Canada small animal facility in Ottawa. All mice used in the study were 8-12 wk of age. The study was performed in accordance with the protocols and procedures approved by National Research Council Canada in Ottawa, Canada and guidelines of the Canadian Council on Animal Care.
Infections
Listeria monocytogenes 10403S (LM) and Salmonella enterica serovar Typhimurium SL1344 (ST) were grown to mid-log phase at OD 600 = 1.0 and OD 600 = 0.8, respectively, in Bacto TM brain-heart infusion (BHI) medium (BD Biosciences, Mississauga, ON, Canada) supplemented with 50 g/ml streptomycin (Sigma-Aldrich, Oakville, ON, Canada).
Bacteria were maintained as frozen stocks in 20% glycerol at -80 • C. 
Flow cytometry analysis
Organs were collected, homogenized to obtain a single-cell suspension, and passed through a 100 M cell strainer (BD Biosciences, Figure 2 ).
Antibody treatments
In vivo depletion of neutrophils, monocytes, macrophages, and DC subsets was performed through i.p. injection of 100 g/100 l/mouse anti- BM cells were then resuspended in 1× PBS and injected to recipient mice through the retro-orbital route 4 h postirradiation.
Serum cytokine analysis
GMP analysis
BM cells were harvested from WT and FtDKO mice as described previously. GMP frequencies were determined through flow cytometry using the following antibodies: mouse hematopoietic lineage/Lin (17A2, RA3-6B2, M1/70, TER-119, RB6-8C5), CD127 (A7R34), CD117 (2B8), Ly-6A/E (D7), CD34 (RAM34), and CD16/32 (93) from eBioscience, Burlington, ON, Canada. GMPs were identified as Lin − IL- Figure 6A ). 15, 16 Colony-forming cell assay for the detection of GMPs was per- 
Statistical analysis
All statistical analyses were performed using GraphPad R Prism 6 software (GraphPad Software, Inc., La Jolla, CA, USA). The results were presented as mean ± SEM or individual data points on a scatter plot. Statistical significance of CFU, flow cytometry, and progenitor CFU data was determined through the Mann-Whitney U test. Survival curves were analyzed using the Gehan-Breslow-Wilcoxon test.
P values of ≤0.05 were considered statistically significant. *P ≤ 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
RESULTS
FtDKO mice control systemic infection more efficiently compared to WT mice
We 
Control of LM infection is independent of E-, P-, and L-selectin function
We next performed in vivo blockade of E-, P-, and L-selectins to determine whether control of LM infection is directly dependent on selectin action. WT mice treated with a cocktail of anti-mouse CD62E, CD62P, and CD62L monocolonal antibody cocktail showed similar bacterial numbers in the spleen and liver as nontreated controls (Figure 2A and B). Furthermore, no significant differences in splenic cell numbers were observed between the two groups ( Figure 2C ). Thus, the increased resistance to infection observed in FtDKO mice could not be recapitulated in WT mice, with blockade of selectins, suggesting involvement of downstream cellular function in the former group. 
Increased immune cell numbers in FtDKO mice correlate with enhanced control of systemic LM infection
Functional selectin ligand deficiency results in elevated leukocyte levels in circulation, attributed in part to reduced neutrophil turnover. 2 Consistent with our previous study, our data presented above show that enlarged splenic sizes in naive FtDKO mice is associated with increased cell numbers compared to their WT counterparts ( Figure 3A and B). 11 A similar trend was observed between WT and FtDKO mice at day 3 postinfection with LM 10 4 CFUs i.v. In contrast, no significant differences in liver cellularity were observed between both mouse strains in the naive and infected states ( Figure 3C ). We then performed flow cytometry analysis of immune cell populations in the blood, spleen, and liver at day 3 postinfection. Figure 3D and E indicates the gating strategies used for the identification of innate immune cell types (neutrophils, monocytes, macrophages) and DCs. WT mice Figure 3I and Supplemental Figure 3D ).
As expected, FtDKO mice also exhibited reduced overall LN cell numbers in the naive state due to LN atrophy (Supplemental Figure   1B ). This was associated with decreased numbers of monocytes, B cells, and T cells (Supplemental Figure 1C) . At day 3 postinfection, monocyte, B cell, and T cell numbers remained reduced, whereas DC numbers increased relative to WT mice. Differences were also noted in the percentages of neutrophils, monocytes, macrophages, DCs, B cells, T cells, and NK cells between both mouse strains in the naive and/or infected states (Supplemental Figure 1D) . Thus, FtDKO mice retain increased protection from systemic LM infection despite defective leukocyte trafficking to LNs and LN atrophy.
FtDKO mice lack LM-induced production of proinflammatory cytokines
We assessed the levels of proinflammatory cytokines in the sera of 
FtDKO mice retain increased protection from LM infection despite neutrophil-specific depletion
We performed in vivo depletion of neutrophils to determine their role in the early control of systemic LM infection in FtDKO mice. RB6-8C5 DCs. 19, 20 In contrast, 1A8 mAb specifically binds to Ly-6G. 19 Figure 5A Figure 5G ). This correlated with an overall decrease in the numbers of not only splenic neutrophils but also macrophages, DCs, and monocytes ( Figure 5I ). In contrast, 1A8 mAb-treated mice showed similar splenic cell numbers in comparison to untreated mice and specific depletion of splenic neutrophil subset alone compared to nontreated controls ( Figure 5G and I) . This collective data suggest that eliminating neutrophils alone may be insufficient to abrogate the innate immune Figure 3F ).
Hematopoietic compartment of FtDKO mice does not require functional selectin-ligand interactions for efficient control of systemic LM infection
We evaluated whether the efficient innate immune response of We also phenotyped other immune cell types following BM chimera repopulations in the naive state in the blood (Supplemental Figure   5D ) and at day 3 postinfection in the blood and spleen (Supplemen-tal Figure 5E-5G 
Altered leukocyte distribution in FtDKO mice is associated with cell-intrinsic functional selectin ligand deficiency
We determined whether the skewed leukocyte distribution in In order to examine GMP differentiation capacity on a per-cell basis, we sorted GMPs from the BM and performed the CFU progenitor differentiation assay. WT and FtDKO GMPs exhibited similar total CFU numbers and proportions of CFU-GM, CFU-G, and CFU-M at day 12 of culture (Supplemental Figure 6A and 6B). Taken together, our results suggest that increased neutrophil and monocyte numbers in FtDKO mice are attributed to higher numbers of GMPs relative to WT mice and not due to enhanced GMP expansion on a per-cell basis.
DISCUSSION
Functional selectin-ligand interactions mediated by FucT-IV and -VII modulate leukocyte trafficking and homeostasis and may shape innate were analyzed by the Mann-Whitney U test, *P ≤ 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 and adaptive immune responses during inflammation. 2, 3, 11, [21] [22] [23] We have previously shown the negative impact of functional selectin ligand deficiency on host protection against B16-OVA (murine melanoma expressing ovalbumin), as evidenced by impaired CD8 + T cell infiltration into tumor sites. 11 In this study, we addressed the implications of functional selectin ligand deficiency on LM infection using FtDKO mice. We show that FtDKO mice are able to mount a robust and rapid innate immune response to systemic LM infection despite the expected lack of lymphocyte homing. This efficient control of infection was primarily attributed to increased levels of neutrophils, monocytes, and DCs in the blood and/or infected organs. Furthermore, the FtDKO neutrophil-mediated control of infection could be adoptively transferred to a WT host environment, suggesting an inherent change in the neutrophil population in the absence of selectin-ligand interactions. We were able to correlate this to increased GMP frequencies in the hematopoietic compartment in FtDKO mice. Overall, our study demonstrates that lack of functional selectin-ligand interactions may compensate for defective leukocyte trafficking by augmenting innate immune function among leukocyte subsets.
Genetic resistance of C57BL/6J (WT) mice against LM infection has been attributed to the resistant allele at the Hc locus on chromosome 2, which encodes the component 5 (C5) protein of the complement system. 24 C5 is cleaved to generate C5a anaphylatoxin, which promotes chemotaxis of neutrophils and macrophages toward infection sites during the early phase of primary infection. 25 We found organs. 28 In contrast, the lack of FucT-IV and -VII expression has been associated with decreased neutrophil binding of A. phagocytophilum, a neutrophil-tropic bacterium. 27 This leads to decreased infection of neutrophils and increased neutrophil respiratory burst relative to WT mice. These studies suggest that while regulating leukocyte migration, FucT-IV and -VII potentially modulate host-pathogen interactions and, consequently, disease progression through their crucial roles in selectin ligand synthesis. 27 Neutrophil and monocyte recruitment to infection sites are hallmark features of the innate immune response to LM infection. 5, 30 However, it was previously suggested that inflammatory monocytes and not neutrophils are required in controlling LM infection. 31 The increased leukocyte phenotype in FtDKO mice is similarly found in individuals with leukocyte adhesion deficiency II (LAD II), which is attributed to a defective GDP-fucose transporter (SLC35C1). 34, 35 Mice lacking SLC35C1 expression (SLC35C1 −/− ) also exhibit deficient selectin ligand fucosylation, abrogation of E-, L-, and P-selectin-dependent leukocyte rolling, impaired lymphocyte homing to LNs, and reduced LN cellularity. 34, 36 However, lymphocytes are able to home to the spleen, indicating a SLC35C1-independent mechanism of lymphocyte trafficking. It was also suggested that lymphocyte homing to the spleen does not require fucosylation by FucT-IV and -VII. 2 In the naive state, we show an association among LN atrophy, increased splenic accumulation of T cells and elevated levels of B cells in the blood of FtDKO mice compared to WT controls. Upon infection, splenic T cell numbers and blood B cell levels remained higher, whereas LN cellularity remained lower in FtDKO mice relative to WT mice. Splenic T cell numbers also decreased in WT mice from the naive to infected state, which may suggest efflux or death of T cells in response to infection.
However, no significant changes were observed in FtDKO mice. Thus, it is possible that the increased presence of T cells in the spleen rather than LN compartment of FtDKO mice attributable to LN atrophy may also contribute to protection against LM. Nevertheless, as in this study we addressed primary infection, and differences in bacterial numbers between WT and FtDKO 3 days postinfection, it is likely that the resistance to infection was restricted to effects of innate immune cells.
During LM infection, IL-6 upregulation is associated with neutrophilia within the peripheral blood and consequent defense against infection. 37 Furthermore, increased expression of IFN-, TNF, and MCP-1 correlates with enhanced bacterial clearance in infected organs. [38] [39] [40] We show that FtDKO mice have decreased levels of IL-6, TNF, IFN-, and MCP-1 in the serum compared to WT mice in the naive state and at day 3 postinfection with LM. Our results suggest that increased numbers of neutrophils potentially results in rapid curtailment of bacterial numbers, preventing a sequel of inflammatory cytokine production that normally ensues following infection.
The BM contains a reserve pool of mature neutrophils that are promptly recruited into circulation following infection. 41 The BM also serves as the major niche for the maintenance and differentiation of hematopoietic stem cells (HSCs) in humans and mice. 4, 43 HSCs are self-renewing cells that differentiate into progenitors, leading to the expansion of various mature effector cell types. 44, 45 CMPs generate GMPs, which are non-self-renewing cells that develop into granulocytic and monocytic/macrophage populations. 44, 46 In contrast, CLPs give rise to lymphocyte populations and some DC subsets. 44, 46 We show that high neutrophil numbers in FtDKO mice correlate with increased GMP frequencies in the naive state. In humans, P-selectin interaction with PSGL-1 was shown to downregulate BM progenitor cell proliferation. 47 It was proposed that a similar mechanism occurs in mice, given that PSGL-1 requires fucosylation for functional interaction with P-selectin. 2 We also show increased CFU-GM numbers in FtDKO BM cells relative to their WT counterparts at day 12 of progenitor culture, despite plating the same quantity of BM cells. However, no significant differences in progenitor CFU proportions were observed between both mouse strains upon culturing sorted GMPs. Thus, our in vitro results suggest that the prepon- 
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